Objective: To evaluate the behavior of castor oil-derived polyurethane as a hemostatic agent and tissue response after abdominal aortic injury and to compare it with 2-octyl-cyanoacrylate.
Ideally, a hemostatic agent should be easy to use and conserve, be amiable to sterilization, act only at the site of application, bond quickly to tissue, not release excess heat, be stable at body temperature, maintain adhesiveness even in contact with moist surfaces, only degrade at the final stage of wound healing, be safe for both patient and surgeon, and not have toxicity or carcinogenic action. Unfortunately, an adhesive like this is not yet available [5, 6] . It has been demonstrated that vascular sealants, adjuncts to vascular suture, play a major role in reducing operative time, enhancing hemostasis, and reducing the need for additional stitches. Time-honored sealants such as fibrin glue and cyanoacrylate have shown disadvantages in some respects, such as the high cost and intense inflammatory response, respectively [1, 3, 7] . The aim of the present study was to determine the hemostatic behavior and induced tissue response of bio-based polyurethane derived from castor oil in comparison to 2-octyl-cyanoacrylate following aortic artery injury in guinea pigs.
METHODS
This experimental randomized interventional study was conducted by the Denton Cooley Institute at the histology and cell biology laboratories, the animal colony, and the clinical and surgical experimentation laboratory of the Faculdade Evangélica do Paraná (FEPAR).
INTRODUCTION
Hemostatic control of small vessels sutures is a crucial point in cardiovascular surgeries and demands great experience of the surgeon [1] . Nevertheless, bleeding through the suture line is a major cause of mortality. In other areas such as surgical trauma, solid organs such as liver and spleen may also have bleeding or may difficult to control due to friability and high vascularization [2] . One major concern is the length of clamping time during vascular injury repair, considering the ischemic damage observed in terminal organs-the longer the ischemia, the more severe the organ injury. Therefore, it is crucial to minimize the duration of ischemia in any type of vascular injury [3] .
In the search for a simpler and faster technique, alternative methods of anastomosis have been studied, such as the use of mechanical connecting devices. However, those devices are impractical in some contexts, for instance, when there is a discrepancy in the caliber of the vessels to be joined by anastomosis. Another alternative are vascular sealants such as cyanoacrylate and fibrin glue, a synthetic and a natural (biological) adhesive, respectively [1] . The mechanism of action of cyanoacrylate is polymerization on contact with proteins that function as catalysts, leaving a crust on the lesion surface. Among the cyanoacrylate characteristics worth emphasizing are its bactericidal and bacteriostatic power, minimal tissue toxicity, and blue color, which allows easy visualization of the adhesive in the operative field [4] . On the other hand, cyanoacrylate causes some adverse effects, such as intense inflammation with dissection of the elastic lamina, calcification of the media, and thinning and deformation of the vessel wall. Furthermore, there are accounts of pseudoaneurysm formation and it has been reported that leakage of the glue into the vessel lumen invariably leads to thrombosis [1] . for the Care and Use of Laboratory Animals" (Institute of Laboratory Animal Resources, National Academy of Sciences, Washington, D.C., 1996). Moreover, there is no conflict of interest.
Sample Design
The study sample was composed of 24 male guinea pigs (Cavia porcellus), Rodentia, Mammalia, Caviidae, aged 4 months and weighing between 623-882 g (mean, 757.29 g), obtained from the Instituto de Tecnologia do Paraná (TECPAR).
The animals were housed at the FEPAR animal colony in a controlled environment-a room with a low noise level, 12-h light/dark cycles, and mean temperature of 21°C, varying from 19°C to 24°C. The guinea pigs stayed in the animal colony for 30 days prior to the experiment for acclimation and observation. They were kept in cages and received Nuvital chow and water ad libitum [8] . The animals were randomly allocated into three groups of eight animals each [9] : group I (control), group II (polyurethane), and group III (cyanoacrylate).
Group II was subdivided on the basis of the adhesive/catalyst mixture time: 6.5 min for subgroup IIA and 3.5 min for IIB. This difference derived from the homogenization time of polyurethane.
Material
The guinea pigs were purchased from the Institute of Technology of Paraná (TECPAR), while the vascular sealants, polyurethane (Vetasuper ® ) and 2-octyl-cyanoacrylate (Dermabond ® ), from processed products.
Surgery Description
After a 6-hour fast for chow and a 4-hour fast for water, the guinea pigs were anesthetized according to the Barzago protocol with ketamine (87 mg/kg) and xylazine (13 mg/kg), intraperitoneally [10] . Abdominal hair was shaved using an electric razor, after which the animals were weighed and tied to the operating board in the supine position. Subsequently, prophylactic enrofloxacin (5-15 mg/kg) was administered intramuscularly. The guinea pigs were wrapped in plastic to prevent hypothermia. Extensive antisepsis with PVPI was done, followed by local anesthesia of the abdominal wall with 2% lidocaine diluted in normal saline (1:4) [11] . We performed median laparotomy with an incision of about 5 cm. The bladder was emptied by puncture with a 13 mm x 0.45 mm needle. The small bowel loops and the descending colon were pushed aside to the right. The ureters were pushed aside and the retroperitoneum was opened. The aorta was dissected from the infrarenal region about 5 mm from the iliac arteries using a small curved hemostat to ensure minimal direct manipulation to minimize vascular injury. Papaverine was applied all around the dissected aorta to prevent vasospasm [12] . The aorta was isolated from the vena cava and clamped using two DeBakey bulldog clamps, proximally and distally to the site being manipulated. We punctured the infrarenal abdominal aorta using a 0.70 mm x 25 mm needle [3] . From this point onward, hemostasis was performed differently for each group. In group I, after puncture of the aorta, the clamps were released and hemostasis was achieved through digital compression with gauze. After it finished bleeding, compression was stopped, restoring blood flow.
In group II, hemostasis was achieved using the bio-based polyurethane sealant in conjunction with a catalyst (at a ratio of 2:1). The mixture was prepared on a sterile slide with varying preparation times as mentioned above. For both subgroups, the sealant was applied at the puncture site using the bare end of a sterile swab stick ( Figure 1 ). To assess the drying time of the adhesive, the proximal clamp was partially released approximately every 15 seconds and blood loss was estimated. After the polyurethane drying process was completed, the DeBakey bulldog clamps were released and arterial blood flow was restored.
For group III, the process began when the capsule containing the 2-octyl-cyanoacrylate adhesive was broken and the product was exposed to air humidity. The adhesive was then placed on a sterile slide. In this group, there was no specific preparation time, since the synthetic adhesive was ready for use in only a few seconds. The technique to apply the cyanoacrylate to the injury site and to assess drying time was identical to that of group II. To estimate blood loss after the aortic puncture in groups II and III, gauze sponges were weighed on a high-precision scale immediately before they were used and again immediately after. Hemostasis was achieved with sealants; for that reason, the gauze sponges were only used to allow an estimate of blood loss after the puncture and in case of hemostasis failure.
Subsequently, the bowel loops were repositioned without retroperitoneal closure. The abdominal wall was closed in two planes (muscle and skin) with a continuous mononylon 3.0 suture [13] . During the experiment, the following were evaluated: weight of the animal, time of application (puncture of the aorta until the application of sealant), drying time (applying the glue until the opening of the clamps) and blood loss. Except for the weight of the animal, the other variables were analyzed only in groups II and III.
Postoperative period
Postanesthesia recovery took place in a glass box with incandescent light heating, under constant observation of the investigators. After recovery, the animals were returned to their cages. They were given pain medication (5 mg/kg tramadol hydrochloride, intramuscularly) during the first 3 postoperative (PO) days [14] . On PO day 14, the guinea pigs were humanely killed in a CO 2 chamber. Following a second median laparotomy, the aorta was surgically removed en bloc from the infrarenal region to about 5 mm from the iliac arteries for histological studies.
Histological Study
The surgical specimens, properly identified, were immersed in 10% formaldehyde for 72 hours at room temperature. The material was routinely processed for slide preparation at the FEPAR histotechnique laboratory. Twelve cuts were made throughout each piece.
The microscope for the histological study was a Nikon Eclipse 200 model. The specimens were analyzed qualitatively and quantitatively at 100x and 400x magnification, respectively.
Fibrous tissue formation was analyzed qualitatively on glass slides using the Masson's trichrome staining technique. Fibrosis was rated as absent/mild or moderate/severe.
In the quantitative analysis with hematoxylin-eosin staining, the cell types were counted in 5 fields under the microscope. The following types were counted: histiocytes, neutrophils, giant cells, and lymphocytes [11] .
Statistical Analysis
The results of the quantitative variables were expressed as means, minimum values, maximum values, and standard deviations. The qualitative variables were represented as frequencies and percentages. The nonparametric Mann-Whitney test was used in pairwise comparisons for quantitative variables; comparisons involving more than two groups were made using the nonparametric Kruskal-Wallis test. For the qualitative variables, the groups were compared using Fisher's exact test. Values of P<0.05 indicated statistical significance. The data were analyzed with the aid of the Statistica software, version 8.0.
RESULTS
There were no anesthetic complications. Two animals died postoperatively: 1 in group I on PO day 1 (embolism) and 1 in group III on PO day 2 (evisceration). Given that the deaths occurred in the PO period, we analyzed the intraoperative variables; however, it was not possible to analyze the histological variables, since those animals did not survive through PO day 14.
Group I was only assessed in relation to the weight of the animal and histological variables.
The subdivision of group II was only considered for the intraoperative variables, since this group was judged to be homogeneous for the purposes of the histological study, which assessed the tissue response to the same material across groups.
Comparison between groups I, IIA, IIB, and III for intraoperative variables
Application time (seconds): Group IIA (4 animals, mean 55.2, minimum 34.4, maximum 63.9, SD 13.9). Group IIB (4 animals, mean 45.0, minimum 26.6, maximum 69.9, SD 20.7). Group III: (8 animals, mean 53.7, minimum 25.7, maximum 89.0, SD 24.4). There was no statistical significance (P>0.05) among the three groups.
Drying time (seconds): Group IIA (4 animals, mean 40.5, minimum 28.2, maximum 48.4, standard deviation 8.6), Group IIB (4 animals; 126.1 average, minimum 102.8, maximum 156.6, SD 23.0). Group III (8 animals, mean 81.5, minimum 33.5, maximum 192.8, SD 51.5). Drying times were statistically different (P=0.023) among the three experimental groups. In the pairwise comparisons, we observed a trend for a longer drying time in group III relative to group IIA (P=0.069). Group III had a shorter drying time than subgroup IIB (P=0.046); group IIA had a shorter drying time than subgroup IIB (P=0.003).
Blood Loss (grams): Group IIA (4 animals, mean 0.002, minimum 0.000, maximum 0.010, standard deviation 0.005); Group IIB (4 animals, mean 0.008, minimum 0.000, maximum 0.010, standard deviation 0.005); Group III: (8 animals, mean 0.170, minimum 0.000, maximum 1.22, standard deviation 0.424). There was no statistical significance between the three groups (P>0.05).
Descriptive statistics regarding the comparison between groups I, IIA, IIB, and III are shown in Table 1 .
Comparison between groups I, II, and III regarding the histological qualitative variable (fibrosis)
Fibrosis was categorized as either absent/mild or moderate/severe on the slides (Table 2) .
Fibrosis: Group I: absent/mild: 4 (57.14%); moderate/ severe: 3 (42.86%). Group II: absent/mild: 7 (87.50%); moderate/severe: 1 (12.50%). Group III: absent/mild: 0 (0.00%); moderate/severe: 7 (100%).
We used pairwise group comparisons to test the null hypothesis that the likelihood of a moderate/severe rating was the same for the two groups compared vs. the alternative hypothesis that the likelihood was different. Group II had statistically less fibrosis than group III (P=0.001), as shown in Figure 2 . There was a trend toward increased fibrosis in group III relative to group I (P=0.07). No statistical significance was found between groups I and II.
Comparison between groups I, II, and III regarding the histological quantitative variables
For each of these variables, we tested the null hypothesis that the results were equivalent across groups vs. the alternative hypothesis that at least 1 of the groups had different results from the others. The descriptive statistics for the groups and the P-values of the statistical tests are shown in Table 3 . No statistically significant differences were found in the quantitative analysis of the cell types.
DISCUSSION
We chose to work with guinea pigs (Cavia porcellus) because of the small body size of the animal, the ease of handling, and the experience of the research group with this specie.
The choice for 2-octyl-cyanoacrylate was due to our knowledge of several promising studies in cardiovascular surgery such as those of Hall et al. [15] , Aziz et al. [16] , and Buijsrogge et al. [17] . In addition, this adhesive type is easily accessible-both commercially and financially-compared to other cyanoacrylates for external/internal use (n-butyl-2-cyanoacrylate) or fibrin glue.
In the case of polyurethane, its biocompatibility and mechanical properties (eg, flexibility and adhesiveness) are advantageous; hence, this adhesive is an alternative to the available sealants [11, 18] . The currently used polyurethane formulation costs approximately R$ 25.00 (Brazilian Reals) per liter, which would make its use feasible on a large scale. However, for polyurethane to be commercially available as a medical grade product, sterilization processes would be required-and this would raise costs.
The ideal choice for the present experiment regarding hemostasis would be the microvascular suture technique with an adjunctive sealant, as used by Reicher et al. [13] , Cho [1] , and Ersoy et al. [3] . However, this procedure demands a long learning curve to reduce the risk of anastomotic stenosis, morbidity, and mortality. Therefore, we chose a relatively more simple technique: the aortic puncture, similarly to that described by Ferretti et al. [9] . The intention of the control group was to prove that the diameter of the orifice caused in the aorta was sufficiently large not to stop bleeding spontaneously, requiring a hemostatic method. As the hemostatic technique was different from the other two groups (control had partial blood flow), we did not calculate the surgical time or blood loss. The drying time was more effective in the cyanoacrylate group (III) compared with the polyurethane B subgroup (IIB), that is, its shorter drying time propitiated quicker hemostasis. However, when group III was compared with subgroup IIA, we noted a trend for polyurethane to be more effective than cyanoacrylate. Considering that the length of time for polyurethane preparation (mixture of adhesive and catalyst) influences drying time, we might have found a statistically significant difference between the hemostatic efficacy of polyurethane vs. cyanoacrylate if the preparation time of the bio-based adhesive were longer than 6.5 minutes. The reason for this is that polyurethane acquires greater adhesiveness with the passing of time after the mixture.
One major advantage of cyanoacrylate is the fact that it is a one-part drying adhesive; thus, it does not require a catalyst, which shortens operative time. One possibility to bring polyurethane closer to this favorable characteristic would be to formulate a novel catalyst or to improve timing in the operating room so that one member of the surgical team would initiate the adhesive mixture only a few minutes before use. The downside of 2-octyl-cyanoacrylate is its short working life (ie, fast preparation). The cyanoacrylate adhesive quickly solidifies after exposed to air humidity, which precludes manipulation if an error leads to a delay in the application of the adhesive. This aspect could entail greater loss of cyanoacrylate in unskilled hands and further raise the costs of the procedure.
In some animals, it was observed by researchers that there was a relatively greater blood loss in group III than in groups IIA and IIB, but without statistical significance. One possible explanation is that cyanoacrylate forms a crust, as noted by Bettes [19] and Fontes et al. [4] , and in the event of the crust coming off, massive bleeding would ensue. By contrast, poly-urethane, which has elastomeric properties, showed minimally progressive bleeding, thus enabling prompt control of the bleeding.
Radosevish et al. [20] , in a review study, stated that cyanoacrylate could lead to extensive fibrosis. Herrera et al. [21] investigated the topical application of cyanoacrylate surrounding previously healthy common carotid arteries in rats-a technique used to strengthen aneurysm walls. Those authors observed intense inflammation, with marked presence of fibroblasts over the first 14 PO days, and moderate presence of fibroblasts at 30 and 60 PO days. The adventitia was found to be thickened due to increased fibrotic connective tissue. In addition, those authors found smooth muscle cell necrosis and rupture of elastic fibers in the media. Gürhan Ulusoy et al. [22] constructed anastomoses with both suture and cyanoacrylate in the femoral artery of rats and, after 21 days, observed periluminal fibroblasts and foreign body giant cells. These works corroborate our findings of enhanced fibrosis at 14 PO days in the 2-octyl-cyanoacrylate group.
Maria et al. [23] reported that the proximal portions of bone grafts of castor-derived polyurethane were covered by fibrotic tissue, with the degree of fibrosis varying between mild, moderate, and severe. Testing the biocompatibility of implants containing polyurethane, Lu et al. [24] affirmed that those prostheses were only partially surrounded by fibrotic tissue. In vascular surgery, Hu et al. [25] demonstrated that, unlike polytetrafluorethylene, which induces marked fibrosis, polyurethane grafts caused fibrosis to a small degree. In our experiment, polyurethane used as a vascular sealant induced significantly less fibrosis than 2-octyl-cyanoacrylate, with a predominance of absent or mild fibrosis.
CONCLUSION
Castor oil-derived polyurethane exhibited a similar hemostatic behavior to that of 2-octyl-cyanoacrylate and showed less intense perivascular tissue response compared to 2-octyl-cyanoacrylate.
